INTRODUCTION
Hematopoietic stem and progenitor cells (HSPCs) self-renew and give rise to all blood cell types. Definitive HSPCs arise from the hemogenic endothelium of the dorsal aorta (DA) (Bertrand et al., 2010; Boisset et al., 2010; Kissa and Herbomel, 2010) , are released into circulation, and then seed an intermediate hematopoietic niche before colonizing the adult marrow. In mammals, this intermediate tissue is the fetal liver (FL), and in zebrafish, it is the caudal hematopoietic tissue (CHT), a vascular plexus in the ventral tail of the embryo (Murayama et al., 2006; Orkin and Zon, 2008) . After rapid expansion in the intermediate niche, HSPCs will leave and go on to seed the adult marrow, which in mammals is bone and in zebrafish is kidney (Traver et al., 2003) .
The adult niche is a complex microenvironment that maintains and regulates HSPCs throughout life. The bone marrow contains a complex network of sinusoidal vessels that act as an interface between circulation and the niche. Most HSPCs are proximal to these vessels and are considered to be in a perivascular niche (Kiel et al., 2005; Nombela-Arrieta et al., 2013) . Studies have shown that endothelial cells (ECs) have distinct properties that enable them to support and expand associated HSPCs (Butler et al., 2010; Hooper et al., 2009 ). However, the perivascular niche is not limited to ECs, and many other cell types also play a role, including mesenchymal stromal cells, osteoblasts, arterioles, and sympathetic nerves (Morrison and Scadden, 2014) . Stromal cells are likely heterogeneous throughout the bone marrow and provide HSPC maintenance factors such as CXCL12 and KITLG (Ding and Morrison, 2013; Ding et al., 2012; Greenbaum et al., 2013; Mé ndez-Ferrer et al., 2010; Sugiyama et al., 2006) . HSPCs in the bone marrow have been observed in a number of elegant studies (Kö hler et al., 2009; Lo Celso et al., 2009; Xie et al., 2009) . Primarily, these studies used multiphoton intravital microscopy to locate transplanted HSPCs in surgically accessed bone or bone explants. A high-resolution and dynamic live view of the physical interactions between endogenous cell types in the niche has not been achieved.
We have developed a transgenic zebrafish line to observe the migration and behavior of endogenous HSPCs. Conserved hematopoietic regulatory genes have led to the development of HSPC transgenic reporter lines, although none of these are entirely specific (Lin et al., 2005; North et al., 2007) . To establish a more specific HSPC line, we utilized a regulatory element from the first intron of the mouse Runx1 locus (+23 kb downstream of the P1 promoter) to drive expression of a marker (Nottingham et al., 2007) . The Runx1+23 enhancer from mouse marks definitive HSPC in the zebrafish in all sites of definitive hematopoiesis and has been confirmed by long-term transplantation.
The ability to track endogenous HSPCs in the live embryo allowed us to observe dynamic interactions with the niche. We discovered a cellular behavior that involves triggered remodeling of perivascular ECs upon arrival of an HSPC in a new site of hematopoiesis. We also show that mesenchymal stromal cells can anchor and orient the division plane of an HSPC. Using correlative light and electron microscopy, we reveal the high-resolution ultrastructure of a single HSPC in the perivascular niche after live tracking and lodgement. Lastly, we used a chemical genetic approach to modulate the HSPC-niche interactions observed in the embryo. These interactions lead to long-term changes in the size of the stem cell pool into adulthood. Our studies suggest that the niche reacts to the arrival of stem cells.
RESULTS

Establishment of a Highly Specific HSPC Transgenic Zebrafish Line
To observe and study endogenous HSPCs, we established transgenic zebrafish lines with the mouse Runx1+23 enhancer driving either cytoplasmic EGFP (Runx:GFP) or nuclear localized NLS-mCherry (Runx:mCherry). These two lines were crossed to demonstrate that the green and red fluorescent proteins marked mostly the same cell populations, with the Runx:mCherry line showing broader expression in progenitors (Figures S1A and S1B available online). Time-lapse live imaging showed that Runx+ cells emerge from the hemogenic endothelium of the DA ( Figure 1A and Movie S1). Intercrossing the Runx:mCherry line with cmyb:EGFP and cd41:EGFP lines showed that Runx+ cells marked an overlapping population in all major hematopoietic sites of the embryo, including the DA, CHT, thymus, and kidney (Figures S1C-S1I; data not shown). We detected Runx+ cells in the adult kidney marrow using flow cytometry and immunohistochemistry (Figures S1J-S1L).
Next, we followed newly born HSPCs as they colonized the CHT niche. We quantified the number of Runx:GFP+ cells in the CHT at different developmental stages. We found there were an average of 1, 2, or 5 Runx:GFP+ high cells (and 2, 6, or 10 Runx:GFP+ low cells) in the CHT at 48, 58, and 80 hr postfertilization (hpf), respectively ( Figures 1B-1G ). Cell numbers in the Runx:mCherry line were comparable, except for greater expansion of Runx:mCherry+ low cells from 72 hpf (Figures S1A and S1B). Looking at Runx:GFP+ cells in the CHT together with a vascular reporter, we found that HSPCs were closely associated with ECs of the caudal vein plexus (Figures 1B-1D ). Both cell numbers and localization of Runx:GFP+ cells are consistent with previous lineage-tracing experiments of HSPC from the hemogenic endothelium to the CHT (Kissa et al., 2008) .
The Functional Stem Cell Characteristics of Runx+ HSPCs in the Zebrafish
To assess the functional characteristics of cells in the Runx+ pool, we performed limiting dilution transplantation as a standard assay to determine hematopoietic stem cell content. We purified Runx:mCherry+ cells from the kidney marrow of adult transgenic donors. These donors also carried the ubiquitous ubi:GFP transgene (Mosimann et al., 2011) so that multilineage contribution could be assessed if the Runx:mCherry HSPC enhancer was downregulated upon differentiation. Sorted double-positive cells were diluted in a range between 1 and 50 then transplanted into irradiated recipients (Figure 2A ). Survival rates improved in recipients that received a greater number of donor HSPCs, and at 3 months posttransplantation, the kidney marrow of recipients was dissected for flow cytometry analysis. Runx:mCherry+ cells were present in the kidney marrow and had contributed ubi:GFP+ progeny to all lineages (Figures 2A and  2D ). Statistical analysis of engraftment over a range of cell doses estimated a stem cell frequency of $1 in 35 (Figure 2A ) (Hu and Smyth, 2009 ). We consider this to be an underestimate because the donors and recipients were not immune matched; previous work from our lab showed that immune matching can improve hematopoietic transplantation in zebrafish (de Jong et al., 2011) . The Runx+ cell pool can be sorted with a single transgenic marker, and no additional labeling of cell-surface markers, to a purity that is within the range of the well-characterized KSL (c-Kit+ Sca-1+ LinÀ) population in mouse (Osawa et al., 1996) . Based on the ability of a small number of adult Runx+ cells to engraft long-term, self-renew, and produce all lineages, we have demonstrated that there is substantial stem cell content within this pool of cells.
We also wanted to evaluate the stem cell characteristics of the Runx+ population in the embryo. Studies have shown that hematopoietic stem cells isolated from different tissues of the mouse embryo have the capacity to contribute to hematopoiesis when transplanted into recipient embryos (Fleischman and Figure S2 . Mintz, 1979) or adults (Medvinsky and Dzierzak, 1996; Mü ller et al., 1994) . Based on a previous approach (Traver et al., 2003) , we have further developed an HSPC embryo-to-embryo transplantation assay in zebrafish. Runx+ cells were sorted from a pool of 3 days post fertilization (dpf) double transgenic Runx+ and ubi+ donor embryos because sufficient cell numbers could be collected at that stage. Only one to two cells were injected into the circulation of a wild-type recipient embryo at 2 dpf. A dilution series established the number of cells injected for each experiment. At 2 dpf, the CHT is being colonized by endogenous HSPCs, but the thymus has not formed, allowing introduction of exogenous cells without the possibility of immune rejection. Recipient embryos are then raised to adulthood, and their kidney marrow is analyzed by flow cytometry for engraftment at 3-5 months. We scored engraftment as any detectable Runx+ cells above background ( Figures 2B and 2C ). This rationale was chosen because approximately one donor HSPC will be competing with endogenous stem cells in an unconditioned wild-type recipient embryo-there is no precedent to predict chimerism in this scenario. The transplanted cells must seed the CHT, migrate to the kidney, and persist into adulthood, where they will self-renew and contribute to all lineages.
We identified recipients with Runx+ HSPCs and ubi+ progeny in the kidney marrow, as well as some that had ubi+ cells in the peripheral blood ( Figure 2E ; data not shown). Statistical analysis estimated the stem cell frequency of the Runx+ population in the 3 dpf embryo to be $1/2.88 cells ( Figure 2B ). These results were representative of three independent experiments-two with Runx:GFP;ubi:mCherry double-transgenic lines and a third with the opposite Runx:mCherry;ubi:GFP transgenic combination ( Figure S2 ). Together, our limiting dilution adult and embryo transplantation assays demonstrate the Runx+ populations contain functional stem cells based on long-term multilineage engraftment. Our data also suggest that some Runx+ cells are progenitors based on (1) overlap with transgenic reporters that mark both stem and progenitor cells (cmyb:EGFP and cd41:EGFP; Figure S1 ); (2) a Runx+ low population that appears to expand from Runx+ high cells (Figures 1 and S1 ; data not shown); (3) flow cytometry analysis of adult kidney marrow that shows Runx+ cells in gates that contain progenitors ( Figures  2D, 2E , and S2C). There are no antibodies available in zebrafish to further purify these populations or to distinguish between a stem and progenitor cell, so we will operationally define engrafting Runx+ cells as HSPCs in this study.
Dynamic Visualization of Stem Cell Colonization of the CHT Niche
To directly observe the interaction of HSPCs with surrounding ECs during CHT colonization, we performed time-lapse live imaging with spinning-disk confocal microscopy. We were able to routinely acquire image series with high temporal resolution (1-2 min per two-channel confocal z stack) for up to 16 continuous hours. A wide-field image was acquired using a 203 objective because the rare lodgement of a single HSPC could occur anywhere in the length of the CHT ( Figure 1B ). We observed HSPC arrival in the CHT via circulation, followed by adherence to endothelial walls ( Figure S3A and Movie S2). Next, cells underwent rapid extravasation to the abluminal side of the endothelial wall (<5 min; Figure S3A ). Once HSPCs lodged in the CHT, we made a striking observation: a small group of ECs actually remodeled around a single HSPC to form a stem cell pocket, which we call ''endothelial cuddling' ' (Figures 3A and S3B and Movie S2) . Within the 12-16 hr limit of time-lapse acquisition, an HSPC would make one of three cell division decisions: (1) symmetric (defined as two daughter cells that remain in the pocket); (2) asymmetric (defined as one daughter cell remaining in the pocket and the other migrating out); (3) or no division. In this example, the division is asymmetrical, with one daughter cell crawling out of the endothelial niche and the other remaining ( Figure S3C and Movie S2).
After HSPC lodgement in the CHT, we used higher magnification (403-603) to better detail the close association and contact of surrounding ECs ( Figure 3B ). To quantify the number of surrounding ECs, we briefly fixed and stained embryos with a nuclear dye and then imaged using scanning confocal microscopy ( Figure 3C ). The ECs in contact with a single HSPC were outlined with membrane-bound mCherry, and their nuclei were counted. In each structure, we typically observed 5-6 ECs surrounding a single HSPC. Time-lapse live imaging of endogenous Runx+ HSPCs in the embryo has revealed striking interactions with perivascular ECs in the niche microenvironment.
Endothelial Niche Remodeling Is Conserved in Mammalian Fetal Liver
We sought to establish whether the distinct endothelial niche structure identified in the zebrafish CHT was also found in mammals. The equivalent tissue is the FL, as it is the first tissue colonized by definitive HSPCs from the DA. The FL is an intermediate site of hematopoiesis where HSPCs expand before leaving to colonize the adult marrow, and it produces the majority of blood during development (Morrison et al., 1995; Sá nchez et al., 1996) . To examine the earliest stages of FL colonization, we dissected E11.5 FLs from Ly6a-GFP (Sca-1) mice, which have GFP+ HSPC (Ma et al., 2002) . Together with HSPC marker Runx1 and EC marker VE-cadherin (Cdh5), we found Ly6a-GFP+/ Runx1+ HSPCs in one of three compartments in the FL ( Figures  4A-4C and Movie S3A-C): (1) an abluminal space with no EC contact, (2) adherent to ECs on one side, or (3) inside an EC pocket. The similarity of a single HSPC surrounded by a small group of ECs in both the mouse FL and zebrafish CHT (compare Figures 3B and 4C ) suggests that this is a conserved cellular structure that forms during stem cell lodgement in hematopoietic niches.
The identification of a potentially conserved HSPC-endothelial niche structure raised the possibility that HSPCs also trigger a dynamic remodeling of ECs during colonization of the FL. The FL tissue in mouse is not directly accessible to confocal microscopy, so we instead applied a protocol for live imaging of embryo explants (Boisset et al., 2010) . We dissected wild-type and Ly6a-GFP E11.5 FLs, soaked the explant FL in fluorescently conjugated Kit (c-kit) and Pecam1 (CD31) antibodies, and then immediately performed live imaging for up to 4 hr. With the caveat that the marker profile of early E11.5 FL HSPCs has not been well defined and that many c-kit+ cells in the FL are progenitors, we have observed hematopoietic and EC interactions that are strikingly similar to those in the zebrafish CHT (compare Figures 3A and 4D ). We observed c-kit+ hematopoietic cells adhered to the sinusoidal network of CD31+ ECs ( Figures 4D,  4E , and S4). We followed a c-kit+ cell attached to the sinusoid as it migrated into and was surrounded by a small group of ECs ( Figure 4D and Movie S4). Tracking a Ly6a-GFP+/c-kit+ cell in another explant, we observed one cell division ( Figure 4E ). Intriguingly, the daughter cell proximal to the sinusoid remained surrounded by ECs, whereas the daughter cell distal to the sinusoid migrated away into the abluminal space ( Figure 4E and Movie S5). In another time-lapse sequence, a c-kit+ cell was observed undergoing discrete steps toward lodgement-adherence, extravasation, abluminal migration, and endothelial niche remodeling ( Figures S4A-S4C ). Even though FL explants have been removed from circulation and are imaged ex vivo, our live-imaging data strongly suggest an evolutionary conserved process of dynamic EC remodeling around a single hematopoietic cell in a site of hematopoiesis.
Stem Cell Divisions Are Oriented Relative to Mesenchymal Stromal Cells
To further understand the interaction of HSPCs with the perivascular niche, we identified a cxcl12a:DsRed2 transgenic line that allowed us to observe mesenchymal stromal cells in the CHT (Glass et al., 2011) . These are likely the ''fibroblastic reticular cells'' that were previously described in the CHT (Murayama et al., 2006 ) and similar to the ''CXCL12-abundant reticular'' cells in the perivascular bone marrow niche (Sugiyama et al., 2006) . By combining cxcl12a:DsRed2 and kdrl:GFP transgenic lines, we could see that mesenchymal stromal and endothelial cells are closely associated in the CHT, with cxcl12a+ cells distributed in abluminal spaces that underlie kdrl+ ECs ( Figure 5A ). We then crossed the Runx:GFP and cxcl12a:DsRed2 transgenic lines to observe HSPCs together with mesenchymal stromal cells. Most of the HSPCs in the CHT were lodged next to a stromal cell ( Figure 5C ). To quantify the proximity of these two cell types within 3D confocal z stacks, the distance between a Runx+ HSPC and its nearest cxcl12a+ stromal cell was measured (Figures 5B and 5C ). This analysis showed that 60% of HSPCs are in direct contact with a cxcl12a+ cell and that 85% are %3 microns away. We performed time-lapse live imaging of CHT colonization in these double-transgenic embryos and similarly found that arrival and expansion of most HSPCs occurred in close proximity to stromal cells (data not shown). When we tracked HSPCs attached to stromal cells over time, we observed that a significant majority of divisions had a distinct orientation: one daughter cell remained joined and was proximal to the stromal cell, and the other daughter cell was distal and displaced away from the niche ( Figures 5D-5F and Movie S6). These data suggest that the cxcl12a+ stromal cell might orient the division plane of the HSPC by providing a polarizing signal. Together, this work shows that cxcl12a+ stromal cells dynamically interact with HSPCs in the CHT niche. High-Resolution Ultrastructure of an Endogenous HSPC in the Perivascular Niche We wanted to reveal the high-resolution architecture and cellular interactions of a single rare HSPC in the perivascular niche. To do this, we used correlative light and electron microscopy (Mironov and Beznoussenko, 2009) . First, to confirm that an HSPC was lodged in the CHT, we performed time-lapse live imaging of Runx:GFP;kdrl:mCherry embryos as above (Figure 3A) . Imaging multiple stage-matched embryos in parallel, we confirmed that 1-2 HSPCs per embryo had not only migrated to the CHT but had also lodged and triggered an EC remodeling event that was stable for more than 6 hr ( Figures  6A and 6B ). These same embryos were then fixed and embedded for electron microscopy (EM). Serial block face scanning EM captured large sections of the CHT at high resolution ( Figure 6C ; XY, 10 nm/pixel; Z, 100 nm/slice). Based on a number of cellular and anatomical markers (e.g., vessels, melanocytes, and somites), the position of the lodged HSPC in timelapse could be correlated with EM serial sections (Figures S5A  and S5B ; data not shown). In summary, we tracked a single cell in an embryo by time-lapse live imaging, processed that same embryo for serial block face scanning EM, and then identified the single cell in a high-resolution 3D reconstruction of the EM sections.
3D reconstruction of EM scans shows that the HSPC lodges in a region just adjacent to the caudal artery ( Figures 6C and S5E ). As predicted from our confocal microscopy analysis ( Figure 3C ), a pocket of at least five ECs surrounds the HSPC (Figures 6C and 
. Endothelial Cells Surround HSPCs in the Fetal Liver Microenvironment
(A-C) FLs from E11.5 Ly6a-GFP mice were fixed and stained for immunofluorescence with anti-VE-Cadherin (red), anti-Runx1 (blue), and anti-GFP (green) antibodies. We scored 59 Ly6a-GFP+/Runx1+ cells from 3 FLs and identified 3 different HSPC-EC configurations: (A) abluminal with no contact between HSPC and ECs (18/59; 30%); (B) EC contact on one side of the HSPC (27/59; 46%); and (C) HSPC surrounded on all sides with ECs (14/59; 24%). See Movie S3. (D) c-kit+ cell (magenta) adhered to CD31+ ECs (green) in one lobe of an E11.5 FL (arrowhead). White box marks details below. Time-lapse frames show in <90 min the HSPC migrates into a field of ECs. Soon after, ECs surround HSPC to form niche. See also Movie S4. (E) c-kit+(blue)/Ly6a-GFP+(green) HSPC adhered to abluminal side of CD31+ EC (red). Following this cell >2 hr (1 frame/5 min) shows a division with distal and proximal daughters relative to sinusoid; the latter remains in an endothelial surround. See also Movie S5. Confocal images: 3D rendered depth projection (A, B, C, and E), orthogonal view (A, B, and C below), maximum projection (D) of z stack. Scale bars, 10 mm. See also Figure S4 . S5E). Our EM scans showed the details of cellular interactions between HSPCs and ECs. Regarding the endothelial cells, one example showed the HSPC partially wrapped by an EC ( Figures  6E and 6F) . In another example, only one region of the HSPC was attached to an EC ( Figures S5G and S5H) . In other sections, an EC would only contact the HSPC with a small protrusion or not contact it all, lying opposite an extracellular space (Figures 6D  and S5F ; data not shown). Regarding the mesenchymal stromal cells, in one case, we found two stromal cells in proximity to the HSPC, but only one is in direct contact in a narrow region near the midpoint of the cell ( Figures 6D, 6G, and 6H ). This reveals the actual anchored attachment of HSPC to stromal cell that was suggested by our confocal microscopy ( Figures 5B-5F ). In addition, a previously unidentified cell type, a fibroblastic cell with melanophore inclusions, was found within the perivascular niche and tightly wrapped around the HSPC ( Figures 6D, 6I , and 6J and Movie S7). The melanophore inclusions suggest a cell of neural crest origin, as such cells have been found in the adult marrow (Isern et al., 2014; Mé ndez-Ferrer et al., 2010) . The combined technology of time-lapse confocal imaging and electron microscopy has shown that perivascular niche cells tightly wrap, abut, or lie opposite the extracellular space surrounding a single stem cell.
A Chemical Genetic Screen to Discover Small-Molecule Regulators of CHT Niche Colonization Next, we wanted to modulate the interactions between HSPC and perivascular niche to test their functional significance. We decided to use a chemical genetic approach so that we could perturb the embryo with small molecules during a discrete window of CHT colonization (48-72 hpf; Figure S6A ). Hits were scored if they increased or decreased hematopoietic progenitor markers cmyb and runx1 with activities that were similar to control compounds (Figures S6B-S6E ; data not shown). We used (±)11,12-epoxyeicosatrienoic acid (EET) as a control because it was identified by our lab as a strong positive regulator of HSPC (P.L. and L.I.Z., unpublished data). We tested the CXCR4 antagonist, AMD3100, as a potential inhibitor of CHT colonization because cxcr4a/b and cxcl12a/b genes are expressed in the CHT (Figure S6K) , as is the cxcl12a transgenic reporter ( Figure 5 ). After treating embryos with a range of AMD3100 doses, we observed dosedependent reduction of HSPC markers in the CHT ( Figure S6F ). Following these results, we screened $2,400 known bioactive compounds and identified 40 individual compounds that increased and 107 that decreased CHT hematopoiesis.
We tested a subset of our chemical screen hits by adding individual compounds to the media of Runx:GFP;kdrl:mCherry embryos during time-lapse imaging to directly observe the behavior of HSPCs as they colonize the CHT. Validation of our approach came from one of our positive hits for increased CHT hematopoiesis, SB-431542 ( Figures S6D and S6G-S6J ), a selective inhibitor of transforming growth factor (TGF)-b type I receptors, and, most potently, ALK5/TGFBR1 (Inman et al., 2002) . When added during time-lapse imaging, a small number of newly arrived HSPCs in the CHT would undergo a greater number of divisions ( Figures S6H-S6J) , which was never observed in control-treated embryos. We measured these differences by performing lineage tree analysis of HSPCs during parallel time-lapse movies (i.e., control and treated stage-matched embryos imaged side by side). HSPCs in control-treated embryos would undergo 0-1 divisions, whereas rare HSPCs in SB-431542-treated embryos would divide 2-3 times. These data illustrate that inhibition of TGF-b receptor signaling using the chemical SB-431542 expands HSPC populations by increasing cell divisions. This is consistent with previously published in vitro and in vivo data that showed TGF-b signal negatively regulates HSPC proliferation (Soma et al., 1996; Yamazaki et al., 2011) . Directly visualizing the effect of SB-431542 on HSPCs has demonstrated that we can rapidly identify cellular response to a specific signal in the endogenous niche.
HSPC-Niche Interactions in the Embryo Have a LongTerm Effect on the Stem Cell Pool
A second compound we identified in our screen was lycorine, a natural alkaloid extracted from the Amaryllidaceae plant family that dose-dependently increased cmyb and runx1 in the CHT (Figures 7A and S6E ). This drug does not have a defined target or mechanism of action but is a candidate anti-inflammatory and anti-cancer drug (Kang et al., 2012; Lamoral-Theys et al., 2009) . Running parallel time-lapse movies, we observed more HSPCs lodged in the CHT in lycorine-treated embryos compared to controls (Figures 7B and 7C ). Over time, lycorine treatment dramatically increased HSPC number in the CHT (Figure 7D) . We also scored the total amount of time each HSPC was resident in the CHT during the time lapse and found that lycorine treatment produced a significant shift toward longer durations spent in the niche ( Figure 7E ).
To better understand the molecular changes that occur during lycorine treatment and how this positively regulates HSPC-niche interactions in the embryo, we treated Runx:GFP;kdrl:RFP embryos from 2-3 dpf and then sorted Runx+ HSPCs and kdrl+ ECs for whole-genome microarray analysis (GEO accession number GSE56015). Lycorine treatment induces significant gene expression changes that suggest altered adhesive properties of ECs and a changed activation state of HSPCs (Table S1A) . These changes are possibly related to inflammatory pathways (e.g., TNF, IL1B, and INFG) that could alter the interaction between ECs and HSPCs within the CHT niche (Table S1B) .
Lastly, we wanted to determine whether there was long-term functional significance for these changes in embryonic HSPCniche interactions. Pools of Runx:GFP+ embryos were treated with lycorine from 2-3 dpf then washed off and examined at later time points. Strikingly, transient lycorine treatment during CHT colonization had a sustained effect on the total number of HSPCs. At 7 dpf, after colonization and early expansion in the kidney, lycorine-treated embryos had a significantly higher (E) HSPCs in the same embryos were scored for continuous hours tracked in CHT. Longer median time HSPCs spent in CHT of lycorine-treated embryos was significant (1.67 hr; Wilcoxon signed-rank test, p = 0.01; HSPC counts normalized because treatment group was n = 3 and control group was n = 2). (F and G) Pools of Runx:GFP+ embryos treated with lycorine from 2-3 dpf and washed off had significantly increased HSPC at (F) 7 dpf (DMSO versus 75 mM, p = 0.0004; flow cytometry analysis of four independent pools per dose) and (G) 4 months (DMSO versus 75 mM, p = 0.006). Error bars show mean ± SEM. See also Figure S6 . number of Runx:GFP+ HSPCs ( Figure 7F ). We then followed treated embryos into adulthood. After 4 months, analysis of whole-kidney marrow (WKM) showed a significant increase in the percentage of Runx:GFP+ HSPCs ( Figure 7G ). Using a chemical genetic screening approach, we found a single compound, lycorine, that increased HSPC lodgement during development and ultimately led to a sustained increase in the size of the stem cell pool into adulthood.
DISCUSSION
The ability to follow endogenous HSPCs in the live zebrafish embryo has allowed us to directly observe cellular behaviors during lodgement in the perivascular niche. Current technology has not visualized similar events in the mammalian bone marrow. We watched as HSPCs attached to the endothelial wall of a vessel, underwent extravasation, migrated into the abluminal space, and then triggered a striking endothelial remodeling event (Figure S3D ). Live imaging of mouse FL explants revealed comparable interactions between hematopoietic cells and sinusoidal ECs, suggesting that these steps toward HSPC lodgement are conserved ( Figure S4D ). Correlative light and electron microscopy allowed us to identify a single lodged HSPC in the perivascular niche that we could then resolve at very high resolution. This confirmed our initial observations made by confocal microscopy and also revealed new detailed cellular interactions. Perivascular niche cells can contact a single stem cell by wrapping, firm attachment, and extension of projections. Other niche cells stay close to the stem cell but keep their distance across small extracellular spaces. Together, our data are beginning to reveal the spatial relationships between a stem cell and its niche.
Our finding that HSPC arrival triggers cellular changes in the local perivascular niche raises interesting questions about what constitutes a hematopoietic stem cell niche. Rather than a static number of niches that can be either cleared or filled (Schofield, 1978) , our results are suggestive of basic niche components that create a permissive environment for an arriving stem cell. Once attracted to these general locations in the marrow, the stem cell will move out of circulation and lodge in its new surroundings. The rapid remodeling of endothelial cells around a stem cell may provide a mechanism to retain and protect these new arrivals. The formation of a pocket by endothelial cells could effectively increase the concentration of local growth factors and signaling molecules and maintain more productive stem cell interactions of HSPCs with stromal cells. We observed that the division plane of HSPCs is often oriented relative to attached stromal cells. Future studies should investigate the potential for plasticity in terms of location and the number of sites where stem cells can reside. Our study focused on the hematopoietic microenvironment in the zebrafish CHT and mouse FL. These are intermediate niches required to rapidly expand the stem cell pool. With continual advancements in imaging technology, we hope to soon be able to resolve similar cellular dynamics in the adult marrow.
EXPERIMENTAL PROCEDURES
All animals were handled according to approved Institutional Animal Care and Use Committee (IACUC) of Boston Children's Hospital protocols.
Transgenic Zebrafish Lines
To generate the Runx transgenic lines, the Runx1 +23 enhancer (Nottingham et al., 2007) and mouse b-globin minimal promoter were PCR amplified from C57/BL6 mouse genomic DNA. MultiSite Gateway Cloning (Invitrogen) was used to assemble constructs for injection into embryos using Tol2 transgenesis. See also the Extended Experimental Procedures.
Imaging
Transgenic zebrafish lines were crossed, and staged embryos were selected by fluorescence microscopy. Zebrafish embryos were mounted for live imaging in glass bottom dishes or multiwell plates with 1% LMP agarose and covered with E3 media and tricaine as described (Bertrand et al., 2010) . Zebrafish embryos were imaged in an incubated chamber at 28.5 C. Mouse embryos were dissected and staged at E11-E11.5 by counting >42 somite pairs. FL explants were imaged at 37 C with humidified CO 2 and in culture media as previously described (Boisset et al., 2010) . Live confocal microscopy was performed using a Yokogawa spinning disk and Nikon inverted Ti microscope. Multiple embryos were imaged within a 1-5 min interval using a moving XY stage, as well as acquisition of z stacks through the entire CHT in multiple fluorescent channels. Fixed transgenic zebrafish embryos were scanned using a Nikon C2si confocal NiE upright microscope. Fixed mouse FLs were scanned using a Zeiss LSM 710 confocal microscope. See also the Extended Experimental Procedures.
Image Analysis
Image processing and rendering was done using Fluorender, Imaris (Bitplane), NIS-elements (Nikon), Volocity (PerkinElmer), and ImageJ/Fiji. See also the Extended Experimental Procedures.
Adult-to-Adult HSPC Transplantation WKM from 3 month Runx:mCherry;ubi:GFP fish was isolated and sorted by fluorescence-activated cell sorting (FACS). Double-positive cells were transplanted into irradiated casper recipients (n = 20-48 recipients per cell dose), along with untreated helper marrow at the following ratios: 1:20,000; 5:20,000; 10:20,000; 25:20,000; and 50:20,000. At 3 months posttransplant, WKM from recipient fish was collected and analyzed by flow cytometry to detect chimerism levels of mCherry and GFP-positive cells in the marrow. We confirmed multilineage reconstitution by observing differentiated GFPpositive cells in multiple cell populations, as determined by forward and side scatter profiles (Traver et al., 2003) . Stem cell frequency was determined using ELDA software (confidence interval = 0.95; [Hu and Smyth, 2009] ).
Embryo-to-Embryo HSPC Transplantation Double-positive transgenic embryos were finely chopped and dissociated using Liberase (Roche). Cell suspensions were filtered, and mCherry+/GFP+ cells were collected using a FACS Aria cell sorter (BD Biosciences). Collected cells were resuspended in PBS at an estimated concentration of 400 cells/ microliter and 1, 2, or 4 nanoliters were injected directly into the circulation of wild-type 2 dpf embryos. Based on these dilutions, the estimated cell numbers were 0.4, 0.8, and 1.6, respectively. Approximately 30 embryos were injected per dose, and 12-26 embryos per group survived to adulthood (3-5 months). WKM was analyzed for percentage of engrafted Runx+ cells using a LSR II flow cytometer (BD Biosciences). Any recipients with positive cells detected above background (> 0.001% of WKM) were scored as engrafted. Flow cytometry data were analyzed using FACS Diva and FlowJo software. See also the Extended Experimental Procedures.
Serial Block Face Scanning Electron Microscopy and 3D Reconstructions
Immediately at the end of live imaging time-lapse acquisition, 60 hpf embryos were fixed in 2.5% glutaraldehyde and 4% paraformaldehyde in a 0.1 M sodium cacodylate buffer. Samples were submitted to Renovo Neural Inc. (Cleveland, USA) for further processing and serial block face scanning electron microscopy. Images were imported into the program IMOD 4.5 then aligned and reconstructed using dual-axis tomography. Cells were manually outlined and 3D reconstructions were generated. See also the Extended Experimental Procedures.
Chemical Screening
Embryos were treated from 48-72 hpf with individual library chemicals ($2,400 bioactives) by placement directly in 96-well receiver plates containing small molecules diluted in E3/1% DMSO (average final concentration of library compounds was $30 mM). After treatment and before fixation, we checked for secondary defects (e.g., no circulation, toxicity, or developmental delay). We performed whole-mount in situ hybridization with HSPC markers cmyb and runx1 and scored for expression levels in the CHT. See also the Extended Experimental Procedures.
Microarrays
Runx:GFP;kdrl:RFP embryos were treated from 48-72 hpf with E3/1% DMSO or E3/1%DMSO/75 mM Lycorine ($100-150 embryos per group). Embryos were dissociated and sorted as above. Three populations were collected: GFP+ HSPC ($1,000-2,000 cells/experiment), RFP+ EC ($10,000-20,000/ experiment), and negative cells ($100,000 cells/experiment; total embryo as a comparator population). In total, 18 samples were collected: 3 biological replicates 3 2 treatment conditions 3 3 cell populations. Cells were sorted directly in Trizol LS. Total RNA was amplified and hybridized to Affymetrix Zebrafish GeneChip ZebGene-1_0-st microarrays. See also the Extended Experimental Procedures.
ACCESSION NUMBERS
The GEO accession number for the microarray data reported in this paper is GSE56015. 
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